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SECTION I 
INTRODUCTION 


This report is submitted in accordance with the requirements of Contract NAS8-30744 and 
represents a final report covering work performed under Exhibit B - ‘‘Tensile Properties of 
Several Nickel Alloys in Hydrogen at Elevated Temperatures,” and Exhibit C - “Mechanical 
Properties of a Nickel Alloy in Hydrogen at Elevated Temperature." Additional work is being 
performed on several nickel-base alloys under a modification to this contract; Exhibit I) - 
“Mechanical Properties of Several Nickel Alloys In Hydrogen at Elevated Temperatures." The 
work under this modification will be discussed in a subsequent final report The Exhibit A effort 
of this contract, covering properties of Incoloy 903 in various heat-treat and welded conditions 
was documented in Pratt & Whitney Aircraft Report FR-7175, ‘‘Influence of Gaseous Hydrogen 
on the Mechanical Properties of Incoloy 903,” September 1975. 

Experimental efforts under Exhibit B have consisted of a total of 112 tensile tests of six 
nickel-base and one cobalt-base alloy in 34.5 MN/m 2 (5000 psig) helium and hydrogen 
environments at temperatures from ‘297°K (75°F) to 1088°K (1500°F). For the Exhibit C efforts 
77 mechanical properties tests of the nickel-base alloy MAR M-246 (Hf modified), in two cast 
conditions, were conducted in gaseous environments at temperatures from 297°K (75°F) to 
1144°K (1600°F) and pressures from one atmosphere to 34.5 MN/m 2 (5000 psig). 

The objective of this program was to obtain the mechanical properties of the various alloys 
proposed for use in space propulsion systems in a pure hydrogen environment at different 
temperatures and to compare with the mechanical properties in helium at the same conditions. 

The overall Exhibit B and C test programs, including types, conditions, and numbers of 
tests conducted, are outlined in tables 1-1 and 1-2. respectively. The primary goal of these tests 
was to document, rather than define, the hydrogen phenomenon and provide limited engineering 
data for use in designing structures exposed to pressurized gaseous hydrogen environments. 

All testing was conducted on solid specimens exposed to external gaseous pressure. Specific 
mechanical properties determined and the testing methods used are summarized below: 

1. Tensile - Smooth and notched tensile properties were determined using 
ASTM tensile testing techniques. 

2. Low-Cycie Fatigue - Low-cycle fatigue life was established by constant total 
stain and constant stress testing using smooth specimens and a closed-loop 
test machine. 

3. Creep-Rupture - Creep-rupture life was determined using ASTM creep- 
rupture techniques. 

This report is arranged in sections that cover the program conclusions, material tested, and 
results and conclusions of the individual property tests. It includes and centralizes the nickel- 
base alloys information covered in the monthly progress reports previously issued under the 
contract. 

The International System of Units (SI) is used as the primary system of units for reporting 
specimen and test parameters and results. Customary English units are included in parenthesis 
following the SI units, or in separate columns in data tables. The customary system of units was 
used for the principal measurements and calculations and results converted to SI units for 
reporting purposes. 
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Table I- 1 . Exhibit M Expei imental Smooth Tensile Test Program for 
Various Alloys in 34.5 MN/m 2 (5000 psig) Gaseous Environ- 
ments 


Material 

Form 

Test Temp. 
°K °F 

Environment 

Sumber 
of Tests 

IMP WASPALOY* 

Forged 

297 

75 

He 

1 



297 

75 

Hj 

3 



589 

600 

He 

1 



589 

600 

H, 

3 



755 

900 

He 

1 



755 

900 

Hj 

3 



922 

1200 

He 

1 



922 

12 a) 

H, 

3 

MAH M 246 

Conventionally 

297 

75 

He 

1 

(HI Modified 1 

Cast ((*“('> 

297 

75 

Hj 

3 



755 

900 

He 

1 



755 

900 

Hj 

3 



922 

1200 

He 

1 



922 

12 a) 

Hj 

3 



1088 

15 a) 

He 

1 



1088 

i5a) 

H, 

3 

MAH-M-246 

Directionally Solidified 

297 

75 

He 

1 

( Ht Modified 1 

Cast ( I )S i 

297 

75 

Hj 

3 



755 

900 

He 

1 



755 

900 

Hj 

3 



922 

12 a) 

He 

1 



922 

12(H) 

Hj 

3 



1088 

15(H) 

He 

1 



1088 

15a) 

Hj 

3 

Inconel 625 

Plate 

297 

75 

He 

1 



297 

75 

Hj 

3 



589 

0(H) 

He 

1 



589 

600 

Hi 

3 



755 

900 

He 

1 



755 

900 

Vh 

3 



922 

12(H) 

He 

1 



922 

1200 

Hj 

3 

Inronel 625 

Cast 

297 

75 

He 

1 



297 

75 

Hj 

3 



589 

6oo 

He 

1 



589 

0(H) 

H ? 

3 



755 

900 

He 

1 



755 

9(H) 

Hj 

3 



922 

12(H) 

He 

1 



922 

1200 

h 2 

3 

Haynes 188 

Plate 

297 

75 

He 

1 

(Inconel 718 


297 

75 

Hj 

3 

ST A) 


589 

6(H) 

He 

1 



589 

600 

h 2 

3 



755 

9(H) 

He 

1 



755 

9(H) 

H i 

3 



922 

12(H) 

He 

1 



922 

12(H) 

H j 

3 

Inconel 718 

Plate 

297 

75 

He 

1 



297 

75 

H, 

3 



589 

6(H) 

He 

1 



589 

6(H) 

H, 

3 



755 

9(H) 

He 

1 



755 

900 

IT 

3 



922 

12(H) 

He 

1 



922 

12(H) 

Hj 

3 
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Table 1-2 Exhibit “C ' Experimental Test Outline for MAR-M-246 (Hf Mod- 
ified) in Air and .14.5 MN!m‘ (5000 psig) Gaseous Environment 


Sum her of Tests 


Test Lou -Cycle Fatigue 

Material Temperature Test Creep Strain Load Smooth Notch 

Form °K °F Environment Rupture C o ntrol Control Tensile Tensile 


Directionally 

Solidified (DS) 297 

75 

Air* 



297 

75 

Air 1 


3 2 3 2 

297 

75 

Air 1 


4 1 4 1 

297 

75 

Air 3 


4 1 4 i 

1033 

1400 

Helium 

2 2 

1 

1033 

1400 

Hydrogen 

4 4 

1 

1144 

1600 

Helium 

3 2 

1 

1144 

1600 

Hydrogen 

4 4 

1 

Conventionally 

Cast (CC) 297 

75 

Air 1 


*2 *2 

297 

75 

Air 2 


• 2 ’2 

297 

75 

Air 1 


4 1 4 1 

297 

75 

Air 2 


4 1 4 1 

1033 

1400 

Helium 

2 

2 

1033 

1400 

Hydrogen 

4 

4 

1144 

1600 

Helium 

2 

2 

1144 

1600 

Hydrogen 

4 

4 

‘ Tested in air, one atmosphere, immediately after opening vessel. 


2 Tested in air, one atmosphere. 24 hours after opening vessel. 


5 Specimens exposed to 34.5 MN/m 2 (5000 psig) hydrogen at 1144°K (1600°F) tor 8 hours prior to air 

test. 

4 Specimens exposed to 34.5 MN/m 2 (5000 psig) heliu: 

m at 1 144 C ‘K ( 1600 £ 

J F) for 8 hours prior to air test . 


This program was conducted using the Program Manager - Project Group System by the 
Pratt & Whitney Aircraft Group, Government Products Division, Materials Development 
Laboratory, under the cognizance of Mr. W. B. McPherson, Metallurgy Branch, Materials & 
Process Laboratory, Marshall Space Flight Center. John A. Harris, Jr. was the Pratt & Whitney 
Program Manager for the effort. 

Acknowledgement is given to the following personnel of the Project Group. 
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Low-Cycle Fatigue Testing 
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SECTION II 
CONCLUSIONS 


A. GENERAL 

The efforts in this program have consisted of conducting various tests to determine the 
mechanical properties of one cobalt -base and six nickel-base alloys in various forms and/or heat- 
treat condition that are proposed for use in a high-pressure hydrogen environment. Properties 
determined in the hydrogen environment were compared to properties in a helium environment 
at the same conditions to establish environmental degradation. 

The following system was established to determine the degree of degradation and serve as 
an aid in comparing the various alloys: 

1. Extremely Degraded (ED) - Hydrogen environment reduced the property or 
life (in helium) greater than 50U, 

2 . Severely Degraded (SD) - Hydrogen environment reduced the property or life 
(in helium) greater than 25U, but less than 50U. 

T Degraded (D) - Hydrogen environment reduced the property or life (in 
helium) greater than lOU, but less than 25U . 

4. Negligible Degradation (ND) - Hydrogen environment reduced the property 
or life (in helium) less than 10U or had no detrimental effect. 

Using this rating system, table II I displays the degree of degradation for the Exhibit B 
alloys. The degree of degradation for the MAR M-246 (Hf Modified), in both the conventionally 
cast ((V) and directionally solidified (DS) forms, covered under the Exhibit C effort, is shown in 
table II -2 . In the case of the tensile tests, if any property (yield strength, smooth or notched 
ultimate strength, elongation and reduction of area) was degraded, the degradation rating was 
that of the most severely degraded property. 

Detailed conclusions are prese^'ed in the various sections pertaining to types of tests. 
General conclusions are presented below. 

B. EXHIBIT B TENSILE PROPERTIES 

Tested were: 

TMP WASPALOY® 

MAR M-246 (Hf Modified) CC 
MAR M-246 (Hf Modified) DS 

Incone! 625 cast 

Inconel 625 plate 

Haynes 188 (Inconel 718 STA heat treatment) 

Inconel 718 

The prime effect of hydrogen upon tensile properties was the degradation of ductility. The 
elongation and reduction of area were affected for most of the alloys. No alloy’s > ield strength was 
affected. The degradation ratings and the discussion below are therefore based primarily upon 
ductility effects. 
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Table II 1 Degree of Environmental Degradation on Ex- 
hibit H Smooth Tensile Properties of Various 
Alloys in 34 5 MN/m 2 (50(H) psig) Hydrogen 


Material 

Ftjrm 

Test 

Temperature Degree of 
°K °F Degradation 

TMP WASPALOY* 

Forged 

297 

75 

KD 



589 

600 

ED 



755 

900 

ED 



922 

1200 

SI) 

MAR M-246 

Conventionally Cast 

297 

75 

ED 

(Hf Modified) 

(CC) 

755 

900 

ED 



922 

1200 

SD 



1088 

1500 

ED 

MAR M-246 

Directionally 

297 

75 

ED 

(Hf Modified) 

Solidified (DS) 

755 

900 

SD 



922 

1200 

ED 



1088 

1500 

SD 

Inconel 625 

Plate 

297 

75 

D 



589 

600 

ND 



755 

900 

ND 



922 

1200 

ND 

Inconel 625 

Cast 

297 

75 

SD 



589 

m) 

D 



755 

900 

ND 



922 

1200 

ND 

Haynes 188 

Plate 

297 

75 

ED 

(Inconel 718 


589 

600 

SD 

ST A) 


755 

900 

ND 



922 

1200 

ND 

Inconel 718 

Plate 

297 

75 

I) 



589 

600 

ED 



755 

900 

SD 



922 

1200 

D 


Table 11-2. Degree of Environmental Degradation of Exhibit C MAR M-246 (Hf 
Modified) in 34.5 MN/m 2 (5000 psig) Gaseous Hydrogen 


Lou Cycie Fatigue 

Test Creep Internal Hydrogen Embrittlement Load Strain 


Material Form 

Temperature 
°K °F 

Rupture 1 

(C-R) 

Smooth Tensile 
(ST) 

Match Tensile 
(NT) 

Control 

(LCF) 

Control 

(LCF) 

Directionally 

1033 

1400 

SD 



El) 

ND 

Solidified (DS) 

1144 

1600 

ND to ED 4 

SD’.ED* 

ND 2 ,!) 3 

ED 

ND 

Conventionally Cast 

1033 

1400 

ED 



SL) 


(CC) 

1144 

1600 

ED 

ED 2 , ED 3 

SI) 2 ,!) 3 

ED 



'Degradation based on average of percent changes in rupture life at stress levels shown in table VM. 
degradation in 297°K (75°F) air properties after 8-hour 1144°K <1600°F) hydrogen exposure (degradation 
based on helium exposed material). 

Degradation in 29* K (*«5°F) air properties after 8-hour 1144 n K (1600‘ f) hydrogen exposure and 
subsequent 24 hour ambient air set time (degradation based on helium exposed material also with 24 hour 
ambient air set time). 

4 Degradation may be stress/time dependent. (See Section VI. H. I 
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The alloys most susceptible to hydrogen degradation were the CC and DS MAR M-246 (Hf 
Modified) and TMP WASPALOY. They exhibited severe to extreme degradation in tensile 
properties at all the temperatures evaluated. 

The nickel-base alloy Inconel 625 was the least degraded alloy tested. In fact, in the wrought 
form tplaiel relative immunity to hydrogen degradation was exhibited. The cast Inconel 625 was 
negligibly degraded at the higher test temperatures j755°K (900°F) and 922 K (1200 F)| and 
degraded up to the severe degree at the lower temperatures {297°K (75°F) and 589 K (600 F)|. 
A similar trend was exhibited for the cobalt-base alloy Haynes 188, except that at the lower 
temperatures generally greater degradation occurred. 

Inconel 718 was degraded to a certain extent at all temperatures tested with the maximum 
reduction in tensile properties occurring at 589°K (600°F). 

The materials exhibited the previously noted trend of lessening degradation with increasing 
temperature, with the greatest degree of degradation generally occurring at the lower test 
temperatures. 

C. EXHIBIT C 

Tested were: 

MAR M-246 (Hf Modified) CC 
MAR M-246 (Hf Modified) DS 

1 . Internal Hydrogen Embrittlement (IHE) 

Severe to extreme degradation was exhibited in the 297°K (75°F) smooth tensile properties 
of both the CC and DS materials due to 8-hr 1144°K (1600°F) 34.5 MN/m 2 (5000 psig) hydrogen 
exposure. The notch tensile strength of both materials was degraded from negligible to severe due 
to the same exposure. 

2. Low-Cycle Fatigue 

The DS material did not exhibit any significant degradation in strain control LCF life at 
1033°K (1400°F) and 1144°K (1600°F) due to the hydrogen environment. However, the load 
control LCF life was extremely degraded at both test temperatures. (See Section V.) 


Load control LCF life of the CC material was severely and extremely degraded at 1033°K 
(1400°F) and 1144°K (1600°F), respectively, due to hydrogen environment. 

3. Creep-Rupture (CR) 

The CC material rupture life was extremely degraded at 1033°K (1400°F) and 1144°K 
( 16(K)°F) due to 34.5 MN/m 2 (5000 psig) hydrogen environment. For the DS material, rupture- life 
was '•erely degraded at 1033°K (1400°F). At 1144°K (1600°F), CR testing of the DS material 
indL ,ied extreme degradation in life at the higher stress level. At the lower stress level greater 
rupture life in hydrogen than in helium was exhibited, indicating no degradation due to the 
hydrogen environment, or possibly some unique helium interaction at this temperature. It 
appears that at 1144°K (1600°F), degradation of this cast alloy is stress/time dependent (See 
Section VI). 
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D. DISCUSSION 

This program was established to determine selected material properties and to enable 
general observations in regard to the susceptibility of the various alloys to hydrogen degradation. 
We have observed that all seven alloys were degraded in some properties to a certain extent lor 
the test conditions evaluated. However, testing conducted was of necessity very limited and 
conclusions as to the degree of degradation may be determined to be incorrect by additional 
investigations. These efforts were designed primarily to obtain specific information lor se e 
materials and conditions occurring in space vehicle propulsion systems. As such, the intorma 10 
contained herein will enable component design and evaluation with a greater degree ot 
confidence. While answering questions concerning specific applications, many more questions, 
such as elevated temperature helium interactions, have been raised. Continued programs 
including basic research, will be required to explain the mechanisms at work in environmental 
degradation of materials. 




A. TEST MATERIAL 

The purpose of this program was to determine the susceptibility of six nickel-base alloys and 
one cobalt-base alloy to environmental degradation. Testing evaluated the mechanical properties 
of the materials in various forms and heat-treat conditions. All test materials were supplied in the 
fully heat-treated condition, where applicable, in specimen blank configuration by the Marshall 
Space Flight Center. Table III-l lists the various materials, their as-received forms and heat-treat 
conditions, and the types of tests performed. Chemical compositions are listed in table III-2 and 
typical microstructures are shown in figure III- 1 . 

B. TEST GASES 

Helium and hydrogen were used during the testing of specimens, and nitrogen was used as 
a preliminary purge gas. Propellant grade hydrogen was provided under Military Specification 
P-27201, which requires the gas to have an oxygen content of less than 1 part per million. Analysis 
verified gas to be of this purity. The helium and hydrogen gases were used directly to provide the 
test environments. 

Gas handling systems, supplying the test vessels, were equipped to enable sampling before 
and after specimen tests. The hydrogen was sampled extensively. Samples were analyzed using 
a gas chromatograph with accuracy in the parts per billion range. No appreciable difference was 
noted between pretest and post-test samples, indicating no gas contamination by the test rig 
and/or test itself. 

C. TEST SPECIMENS 

All specimens were machined by the Pratt & Whitney Aircraft Group, Materials Laboratory 
Machine Shop and finished to an average roughness of 16-*nn. rms, or less. The notch used for the 
tensile specimen to obtain a stress concentration of 8.0 conforms with Peterson 1 and was 
machined by grinding. 

A typical set of specimens is listed in table III -3 and shown in figure III-2. Specimen prints 
are shown in figures III-3 through IIL10. 

'H.K Peterson. “Stress Concentration Design Factors,” John Wiley & Son. Inc., New \ork. 19 <4. 
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Mag: 500X 
TMP Waspaloy® 


Mag: 100X 

MAR M-246 (HF Modified) CC 


s 







Mag: .00X 

Cast inconel 625 


Mag: 500X 





, * 


Mag: 100X 



Mag: 500X 


Haynes 188 (Inconel 718 STA) 


MAR 


Mag: 100X 

Inconel 625 Pla 


Mag: 100X 

Inconel 718 


Figure ///-/. Typical Microstructure of Materials Used to Determine the Susceptibility of Various Alloys 
Degradation (Magnifications indicated are prior to a 50 c i reduction for printing purposes ) 
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Figure III -2 Txpunl Test Specimens I xrrf !u Determine the Effect of High-lYessure Gaseous Environments on Mechanical 
J’mprrfit* nf Mat ('rials 
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SECTION IV 
TEN«tK F PROPERTIES 


A. INTRODUCTION 

The smooth tensile properties of six nickel- base alloys and one cobalt-base alloy were 
investigated in 34.5 MN/m 2 (5000 psig) helium and hydrogen at temperatures of 297°K (75°F) to 
1088°K (1500°F) under Exhibit B of this contract. Tensile tests established stress-strain 
parameters, 0.2*7 yield and ultimate strengths, elongation, reduction of area, and modulus of 
elasticity. Results of tests in hydrogen were compared to those in helium to determine property 
degradation. 

In the Exhibit C effort, tensile properties of the nickel-base alloy MAR M-246 (Hf 
Modified), in two cast conditions, directionally solidified (DS) and conventionally cast (CC), 
were determined in ambient temperature and pressure air for helium and hydrogen exposed (34.5 
MN/m 2 [5000 psig] at 1144°K [1600°F] for 8 hours) specimens to determine the materials 
susceptibility to internal hydrogen embrittlement (IHE). Testing was conducted both im- 
mediately after exposure and 24 hours later to determine the extent of material internal hydrogen 
charging and possible property degradation. Smooth tensile tests established 0*2*7 yield and 
ultimate strengths, elongation, reduction of area, and modulus of elasticity. Notched fK r -8.0) 
tests established the ultimate strength. 

B. RESULTS AND CONCLUSIONS 

The tensile test data were subjected to a statistical analysis to determine if the measured 
mechanical properties of the various alloys reflected true environmental degradation or simply 
data scatter. The results of these analyses were used as the basis for the conclusions herein. In 
some cases, the experimental test matrix did not have sufficient tests to enable determination of 
degradation on a statistical basis. This does not mean that there was no degradation; only that 
it could not be established from a statistical approach. 

1. Exhibit B Tensile 

The individual tensile properties (0.2*7 yield and ultimate strengths, elongation and 
reduction of area) of the alloys tested did not reflect the influence of hydrogen environment to the 
same degree. The relative degree of environment degradation is summarized in table IV-1. None 
of the alloys tested exhibited degradation in the 0.2*7 yield strength. Differences in yield 
strengths obtained in the two environments did occur. However, with the limited number of tests 
conducted, one in helium and three in hydrogen for each test condition per alloy, normal 
specimen-to-specimen scatter, especially for the cast materials, precludes drawing any firm 
conclusions when the property differences were less than 10*7 . 

The effects of temperature and environment upon the tensile properties of the one cobalt - 
base alloy, Haynes 18 8, and six nickel-base alloys are shown in figu res IV-1 through IV-7. The 
mean values for three tests conducted in hydrogen environment at each temperature are plotted. 

Degradation in ultimate strength for the wrought materials - TMP WASPALOY®, Haynes 
188 (Inconel 718 STA) and Inconel 718 - over the temperature range investigated was less than 
10*7 with the exception of the Haynes 188 at 297°K (75°F) where degradation of 19.7*7' was 
indicated (figure IV-8). For the CC and DS MAR M-246 (Hf Modified), and the plate and cast 
Inconel 625 materials, ultimate strength degradation of less than 25* < over the temperature 
ranges investigated was indicated. Degradation vs temperature curves for the MAR M-246 and 
Inconel 625 materials are shown in figures IV-9 and IV- 10, respectively. 

IV- 1 
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Figure IV- 7. Effect of Temperature and Environment on the 
Tensile Properties of Inconel 718 Plate at 34.5 A/A'/rrr 
(5000 psig) 
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Figure IV-S. Effect of Temperature Upon Environ mental Degradation of TMP 
WASPAI.OY", Haynes 1HH (Inconel 71H ST A) and Inconel 71H 
Tensile Ultimate Strength 
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Figure IV-9. Effect of Temperature Upon Environmental Degradation of MAR 
M-246 (Hf Modified) Tensile Ultimate Strength 



Temperature - °K <°F) 

])Y nuw 

Figure IV- Id Effect of Temperature Upon Environmental Degradation of 
Inconel 625 Tensile Ultimate Strength 
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As previously reported in PWA FR-5768 1 , FR-6709 2 and FR-7175 3 . loss of ductility 
(elongation and/or reduction of area) was the most prominent indicator of hydrogen degradation. 
In the case of some alloys, ductility was extremely degraded, while the ultimate strength showed 
negligible degradation, if any. The elongation and reduction of area were degraded for most of the 
alloys, with the Inconel 625 (both cast and plate conditions) the alloy least degraded by the 
hydrogen environment. With the exception of elongation at 297 °K (75°F) for the cast material, 
degradation in ductility of less than 15'? up to922°K (1200°F) was indicated for the Inconel 625 
alloy (figure IV -11). 

For the wrought alloys, TMP WASPALOY, Hyanes 188 and Inconel 718, degradation in 
ductility up to approximately 70?? was indicated. Elongation and reduction of area degradation 
vs temperature curves are shown in figures IV-12 and IV-13. 

With all test temperatures considered for a given material, the alloy most severely degraded 
in ductility was the MAR M-246 (Hf Modified). For both the CC and DS material forms, 
degradation generally ranged from 30 to 70 % for the temperatures investigated (figure IV-14). 

Test results of each specimen tested for the seven alloys are listed in table IV-2. 


The effects of temperature upon the stress-strain parameters and modulus of elasticity for 
the various materials are shown in figures IV-15 through IV-28. Data analyses indicated that 
stress-strain parameters and modulus of elasticity were not affected by environment (helium or 
hydrogen). TTterefore, for each material, the mean values for all tests conducted at each 
temperature were plotted. The stress-strain parameters of each individual test for tHfe seven 
alloys are listed in tables IV-3 through IV-9. In the case of the CC and DS MAR M-246 materials 
where low ductility occurred (low strain values at failure), not all tests at each temperature were 
used to plot their respective stress-strain curves. Test data used in plotting the CC and DS 

material curves for each test temperature are indicated by an underscored specimen number in j 

tables IV-4 and IV-5, respectively. 


A comparison of modulus of elasticity for seven alloys over the temperature ranges 
investigated is illustrated in figure IV-29. 




I 

2. Exhibit C Internal Hydrogen Embrittlement (IHE) \ 


This test effort was designed to determine the effect of internal hydrogen charging upon 
property degradation (WE) of CC and DS MAR M-246 (Hf Modified), that is, the effect of 
hydrogen within the material’s metal lattice as opposed to external hydrogen environment 
embrittlement (HEE). 

The effect of 8-hour 34.5 MN/m* (5000 psig) hydrogen exposure at 1144°K (1600°F) on the 
ambient air smooth and notched tensile properties is summarized in table IV- 10. 


Testing of both the CC and DS materials at 297°K (75°F) indicated considerable 
degradation in smooth and notched strength and ductility, due to the 8- hour exposure. The effect 
of air set time on the properties of the hydrogen exposed CC material was minimal, if any. 


1 "Properties of Materials in High Pressure Hydrogen at Cryogenic, Room, and Elevated Temperatures," Final Report. 
Contract NAS8-26191, 31 July 1973. 

’"Influence of Gaaeoua Hydrogen on the Mechanical Properties of AISI 304 Stainless Steel," Final Report. Contract 
NAS8-29883. 

•"Influence of Gaseous Hydrogen on the Mechanical Properties of Incoloy 903," Final Report Exhibit A. Contrail 
NASA-30744, September 1975. 
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eIV-ll. Effect of Temperature Upon Environmental Degradation of 
Inconel 625 Tensile Ductility 
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Figure IV- 1 2. Effect of Temperature I T pon Environmental Degradation of TMP 
WASPALOY , Haynes 188 (Inconel 716 STA) and Inconel 718 
Tensile Elongation 
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re IV- 13. Effect of Temperature Upon Environmental Degradation of TMP 
WASPALOY , Haynes 188 (Inconel 718 STA) and Inconel 718 
Tensile Reduction of Area 
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Figure IV- 14. Effect of Temperature Upon Environmental Degradation of MAR 
M -246 (Hf Modified) Tensile Ductility 
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Table IV-4. Individual Specimen Stress-Strain Parameters of Conventionally Cast ( CC ) MAR 
M-246 (Hf Modified) in 34.5 MN/m 2 (5000 psig) Gaseous Environment 
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Table IV-5. Individual Specimen Stress-Strain Parameters of Directionally Solidified (DS) MAR M-246 (Hf Modified) in 
,14.5 MN/m 1 (5000 psig) Gaseous Environment 
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Table IV- 6 . Individual Specimen Stress-Strain Parameters of Inconel 625 Plate in 34.5 MN/m 1 (5000 psig) Gaseous Environment 
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Table IV-6. Individual Specimen Stress-Strain Parameters of Inconel 625 Plate in 34.5 MN/m* (5000 psig) Gaseous Environment 
( Continued) 
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Table IV-9. Individual Specimen Stress-Strain Parameters of Inconel 718 Plate in 34.5 MN/m* (5000 psig) Gaseous Environment 
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However, for the hydrogen exposed DS material, increased property degradation was indicated 
wit h increased air set time. To aid in explaining this behavior a metallographic investigation was 
conducted. Through optical and electron metallography, no correlation of test condition with 
fracture appearance was apparent, except for a more ductile fracture appearance evident in those 
specimens with higher ductility values (figure IV-30). No evidence of overtemperature or material 
anomalies were observed at the fracture faces. All specimens had similar microstructure with 
exception of SDS-4 which showed colonies of unsolutioned large y associated with alloy-rich 
areas with eutectic y. These colonies were not evident in the other specimens (figure IV-31). This 
discrepancy in microstructure of one specimen does not explain the material behavior. 

Due to the limited number of specimens tested and data scatter, characteristic of cast 
materials, these conclusions are tenative. 

Test results for each specimen tested are listed in table IV-11. 

C. TEST PROCEDURE 

All tensile tests were conducted per ASTM E8-69, “Tension Testing of Metallic Materials, 
using five specimen designs. The test specimen utilized depended upon the type of test conducted 
(smooth or notched) and the size of the furnished raw materials. In the Exhibit B effort, only 
smooth tests were conducted. The test specimen (FML 96311), shown in figure HI-3, was used for 
the majority of the materials with the exception of the cast Inconel 625 and the CC MAR M-246 
(Hf Modified). A cast-to-size specimen (figure III-2) was used for the cast Inconel 625 tests and 
specimen FML 95226M, shown previously in figure HI-5, for the CC MAR M-246 (Hf Modified). 
For the Exhibit C IHE tensile tests, both smooth and notched (K T =8.0) specimens were tested. 
The DS material was evaluated utilizing FML 96311 (figure HI-3) and FML 96312 (figure III-4) 
for smooth and notched tests, respectively. For the CC material, FML 95226M and FML 96462 
(figure III-6) were used. All test specimens are described previously in Section IE and shown in 
figure III -2. 

For the IHE tensile testing all specimens were exposed to either 34.5 MN/m 2 (5000 psig) 
helium or hvdrogen environment at 1144°K (1600°F) for 8 hours. After exposure and cooling of 
test specimens to 297°K (75°F), the test vessel was opened and specimens were tested in ambient 
air immediately and/or 24 hours later. 

Smooth specimens were tested at a strain rate of 0.005 mm/mm/min (in. /in. /min) to yield 
and a crosshead speed of 1.27 mm/min (0.05 in./min) from yield to fracture. Notch specimens 
were tested at a crosshead speed of 1.27 mm/min (0.05 in./min) to fracture. 

All tensile testing was conducted on a Tinius Olsen 266.8-kN (60,000-lb) capacity tensile 
machine, equipped with a P&WA-designed and developed pressure vessel. All controls and 
instrumentation readout equipment are located inside an adjacent blockhouse. This equipment 
is shown in figures IV-32 and IV-33. 

Various views of the pressure vessel showing specimen, extensometer, and furnace setup are 
presented in figure IV-33. The vessel is made of AISI 347 stainless steel and incorporates a high- 
pressure GravLoc connector. A compensating device built into the base of the vessel eliminated 
the effect of loads resulting from differential specimen and adapter cross-sectional areas. 
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Table IV- 11. Tensile Properties of MAR M-246 (Hf Modified) After 8-Hour 1144°K 
(1600°F) 34.5 MN/m 2 (5000 psig) Gaseous Environment Exposure 


Material Form 

Directionally 

Solidified 


Conventionally 

Cast 


Spec 
S/N 1 

Exposure 

Environment 

Ambient Air 
Set Time (hr) 
After Exposure 
0 24 


Ambient Air Test Results 


0.2 C \ 

MN/m 2 

Strength 

Yield Ultimate 

ksi MN/m 1 ksi 

Ductility Modulus of 
EU RA Elasticity 
r \ r f psix i (r 

SDS-1 

Hydrogen 

X 


943.2 

136.8 

1028.0 

149.1 

5.3 

6.7 

18.6 

SDS-2 

Hydrogen 

X 


926.0 

134.3 

985.9 

143.0 

4.5 

9 4 

18.4 

SDS-3 

Helium 

X 


894.2 

129.7 

945.3 

137.1 

8.5 

10.8 

19.2 

SDS-4 

Hydrogen 


X 

875.6 

127.0 

961.1 

139.4 

4.5 

8.9 

18.6 

SDS-5 

Hydrogen 


X 

916.3 

132.9 

955.6 

138.6 

3.9 

7.1 

18.4 

SDS-6 

Helium 


X 

894.2 

129.7 

1192.1 

172.9 

13.0 

11.8 

18.0 

NDS 1 

Hydrogen 

X 




1381.7 

200.4 




NDS-2 

Hydrogen 

X 




1289.3 

187.0 




NDS-3 

Helium 

X 




1283.1 

186.1 




NDS-4 

Hydrogen 


X 



1183.8 

171.7 




NDS-5 

Hydrogen 


X 



1415.5 

205.3 




NDS-6 

Helium 


X 



1439.6 

208.8 




SCC-1 

Hydrogen 

X 


835.0 

121.1 

852.2 

123.6 

0.7 

4.0 

27.3 

SCC-2 

Hydrogen 

X 


867.4 

125.8 

875.6 

127.0 

0.5 

4.0 

28.2 

SCC-3 

Helium 

X 


920.4 

133.5 

983.9 

142.7 

2.2 

4.2 

29.6 

SCC 4 

Hydrogen 


X 

868.7 

126.0 

887.4 

128.7 

0.4 

4.0 

27.4 

SCC-5 

Hydrogen 


X 

834.3 

121.0 

852.2 

123.6 

0.7 

4.0 

29.8 

SCC 6 

Helium 


X 

829.4 

120.3 

902.5 

1309 

3.0 

4.8 

24.4 

NCC-1 

Hydrogen 

X 




1020.4 

148.0 




NCC-2 

Hydrogen 

X 




931.5 

135.1 




NCC'3 

Helium 

X 




1339.6 

194.3 




NCC-4 

Hydrogen 


X 



1008.7 

146.3 




NCC 5 

Hydrogen 


X 



1009.4 

146.4 




NCC-6 

Helium 


X 



1314.8 

190.7 





1 NDS and NCC are Notch specimens, K,^8.0 

> Elongation based on gage length of 4D. For the CC material elongation was measured off load-deflect ion curve 
(plastic portion). - — — 
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b} Test Vessel Open With Notch 
Tensile Specimen in Place 
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c) Test Vessel Open With Smooth 
Specimen In Place and 
Extensometer Attached 
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d) Test Vessel Open With Furnace 
Attached 
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measure speeimen strain tor bulb room temperiiture and elevated temperature tests an 
averaging-type linear variable displacement transducer (IA’I)T; extensorneter system was used 
(figure IV-.14I. Specimen load was determined by both the tensile machine load measuring 
system and an internal strain-gage-type load cell: thus, absolute specimen load was known and 
friction at the pressure vessel seats was of no consequence. Electrical connections to the internal 
load cell, extensorneter. thermocouples, and furnace were made through the bottom ol the 
, pressure vessel via high-pressure bulkhead connectors. 

i 



Figure IV-.V. Averaging Type I.VDT Extensorneter System 

To conduct elevated tern per;, t ure tests, a two-zone turn act’ wit h separate con t ft >1 s\ stems lot 
each zone was used that minimized any heat gradient due to the high thermal conductivity ot tin- 
gases. The furnace fits within the pressure vessel load frame (figure IVd.'ldi. Thermocouples 
looped around the specimen gage section tor not chi were used to control and ntonitot specimen 
temperature during each test, 'temperature variation over the gage length ot the smooth 
specimens was minimal, less than 2' - . 

Prior to test, specimens were rinsed with trichloroethylene, wiped dry. rinsed with acetone, 
wiped dry. and inserted into the test fixture. All handling of specimens was done with clean 
gloves. 

Periodic checks of hydrogen test environments revealed oxygen levels less than 1 ppnt. This 
purity level was obtained using the following test procedure: 

1. Secure pressure vessel. 

O Pressurize to O.:i»o MN nr’ do psigi with nitrogen gas. leak check, and vent. 

;t. Evacuate to 0.101 MN nr CIO in. Hg> and fill with nitrogen gas two times. 

1. Evacuate pressure vessel, gas supply and sampling system to an indicated 
vacuum of (1.101 MN nr d() in. Hgl. 
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f>. Pressure purge to 3.45 MN/m 2 (5(M) psig) with hydrogen gas three times, 
obtain pretest gas sample. 

t;. Pressurize to 34.5 MN/m 2 <5000 psig) with hydrogen gas and conduct test. 

7. Reduce pressure to obtain post-test gas sample, vent to atmospheric 
pressure, flow and pressure purge with nitrogen gas, open pressure vessel and 
remove tailed specimen. 

For the helium tests, the procedure was as follows: 

1. Secure pressure vessel. 

2. Pressurize to 0.345 MN/m 2 (50 psig) with nitrogen gas; leak check, and vent. 

3. Evacuate pressure vessel and gas supply to an indicated vacuum of 0.101 
MN/m 2 <30 in. Hg). 

4. Pressure purge to 3.45 MN/m 2 (500 psig) with helium three times. 

5. Pressurize to 34.5 MN/m 2 (5000 psig) with helium and conduct test. 

6. Vent to atmospheric pressure, open pressure vessel and remove failed 
specimen. 

Tensile properties, including 0.2'; offset yield strength, ultimate strength, percent 
elongation, reduction of area, modulus of elasticity and stress-strain parameters were obtained 
for all smooth specimen tests. For notched tests, only ultimate strength was determined. For 
smooth tensile tests, the stress strain and static modulus of elasticity information was obtained 
from the load-deflection curves. A typical test curve is shown in figure IV -35. 

In determining specimen elongation, the standard, most often used, method (fitting 
together the fractured specimen and measuring the distance between gage marks with dividers 
and scale) was used. However, because of the low ductility of the convent ionally cast M AR M-246 
(Hf Modified), and the fact that for the 1HE tensile te. ts a substandard specimen with a short 
12.7 mm (0.5 inch) 4D gage length, had to be utilized, inherent error in the standard method 
measuring technique precluded measurement for values of elongation less than 2' < . Therefore, 
elongation of the CC specimens was measured from the plastic portion of the load-deflection 
curves. This approach yielded values less than 2 c i to within approximately 0.1 r f accuracy. 
Typical load -deflect ion curves for hydrogen and helium exposed CC material IHE tensile tests 
are shown in figures IV-36 and IV -37. 
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SECTION V 
LOW-CYCLE FATIGUE 



A. INTRODUCTION 

Low-cycle fatigue (LCF) tests were conducted under Exhibit C of this contract to establish 
the LCF life of MAR M-246 (Hf Modified) in two cast conditions, conventionally cast (CC> and 
directionally solidified (DS), in 34.5 MN/m ! (5000 psig) helium and hydrogen environments at 
1033°K (1400°F) and 1144°K (1600°F). Comparison of results in hydrogen environment to results 
of similar tests in helium environment established degradation in cyclic life due to the hydrogen 
environment. 

The LCF tests were of both the strain-control and load-control type. It was intended that all 
LCF tests be in the strain-control mode. However, the limited size of the CC material, supplied 
by NASA in the form of cast-to-size specimens (figure III-2), necessitated the use of the load- 
control fatigue test in lieu of strain-control as used in the DS material tests. Upon completion of 
the CC material t .sts several load-control DS material tests were conducted for a material 
comparison. 

The strain-control LCF tests consisted of a compressive start with the material cycling 
through a constant total strain range (elastic plus plastic) until specimen fracture. The tensile 
and compressive portions of the strain cycle were of equal magnitude, resulting in a mean strain 
of zero. This cycle is shown in figure V-l. Test strains were selected to establish LCF life between 
100 and 1000 cycles. 


Tensile Load 



Compressive Load 

FD 


Figure V-l. Typical Load-Strain Hysteresis Curve Obtained During a Specimen 
Low-Cycle Fatigue Test 
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The load-control LCF tests, consisted of a tension-to-tension cycle with load (stress) varying 
about a constant tensile preload at a cyclic rate ot 9 cpm. All specimens were tested at an R ratio 
(minimum stress/maximum stress) of 0.1 (figure V-2), with a sawtooth wave form. Test stress 
levels were selected to obtain specimen failure within 1000 to 10,000 cycles. 

Tensile Stress 



B. RESULTS AND CONCLUSIONS 

The MAR M-246 (Hf Modified) material in the DS form exhibited negligible degradation, 
in strain-control LCF life. However, the CC material exhibited considerable degradation in load- 
control LCF life. The material forms evaluated, the test types and the degradations observed are 
listed in table V-l. 

Table V-l. Degradation of MAR M-246 (Hf Modified) Low-Cycle-Fatigue Life 
Due to 34.5 MN/m 2 (5000 psig) Hydrogen Environment 


Material Form 

Type of 
Test 

Test 

Temperature 

o K Of 

Degradation (Decrease 
From Helium, %) in Life at 
Mean of Strain Ranges or Stress 
Range Tested 

Directionally Solidified 

Strain Control 

1033 

1400 

ND‘ 

(Mean Strain =0) 

1144 

1600 

ND 

Conventionally Cast 

Load Control 

1033 

1400 

36 

(R, min strees/max 
stress -0.1) 

1144 

1600 

57 

Directionally Solidified 

Load Control 

1033 

1400 

65 

(R=0.1) 

1144 

1600 

61 

1 Negligible Degradation 

- Degradation less than 10 r r 

or hydrogen life greater than helium. 
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No degradation in the DS material strain-control LCF life was indicated at 10.1.1 K ( 1400 }• i 
due to the hydrogen environment. At 1144°K (16(X)°F) a slight reduction of 12'. in life was 
indicated at the higher strain range of 2.8' Strain-control LCF cyclic strain vs cycles to failure 
curves for the DS material in 84.5 MN/m J (5000 psig) helium and hydrogen at 10:l:i°K ( 14(K) F» 
and 1144°K (1600°F) are shown in figures V-3 and V-4. respectively. The effect of temperature 
and strain range upon degradation is illustrated in figure V-5. The strain-control IX h test results 
for each specimen tested are listed in table V-2. 

The CC material exhibited considerable degradation in load-control LCF life at 1033°K 
(1400°F) and 1144°K (1600°F) due to the hydrogen environment. Maximum stress vs cycles to 
failure curves in helium and hydrogen at 1033°K (1400°F) and 1144°K (1600°F> are shown in 
figures V-6 and V-7, respectively, which also show approximate strain range scales. At both test 
temperatures, increased hydrogen degradation resulted with increased maximum stress. The 
effect of temperature and maximum stress on hydrogen degradation of the CC material load- 
control LCF life are illustrated in figure V-8. Complete load-control LCF test results are listed in 
table V-3. 

Four DS material load-control LCF tests were conducted to enable a comparison between 
the two cast materials in 34.5 MN/m 2 (5000 psig) hydrogen. Based on minimal testing, a single 
helium and hydrogen test at each temperature, the DS material load-control LCF life was 
degraded 65 and 61%, at 1033°K (1400°F) and 1144°K (1600°F) respectively, due to the hydrogen 
environment. This reduction in load-control LCF life was greater than that of the CC material as 
shown previously in table V-l. 

The extreme degree of degradation obtained in the DS material load-control LCF test 
results is contrary to that obtained for the strain-control tests. In the strain-control mode 
negligible degradation, if any, resulted due to the hydrogen environment. This occurrence was 
similar to that noted for MAR M-200 DS material reported in PWA FR 5768, (Contract 
NAS8-26191) where strain-control tests indicated negligible degradation and load-control tests 
indicated extreme degradation in fatigue life. A CC material, IN-100, tested at that same time 
indicated more consistent degradation results between the two types of test. The initial 
inclination, based upon the limited number of DS material tests was to attribute this difference 
in degradation to data scatter associated with the load-control test. However, it has occurred for 
two different DS materials and it appears there may be some mechanism unique to the DS 
material that is influencing degradation results. 

Metallurgical examination of the failed specimens indicated no significant differences 
which could account for the variations in degradation between tests. One specimen, LLDS-3, did 
have an internal origin from a hafnium rich carbide inclusion, shown in figure V-9. This alone will 
not account for the difference in degradation between the two tests, and further mechanistic 
studies are required to explain that occurrence. 

C. TEST PROCEDURE 

Smooth, round, solid specimens were used for the LCF tests conducted under this contract. 
The strain-control test specimen used is described in Section III and detailed in figure HI-9. The 
specimen configuration incorporates integral machined extensometer collars (figure V-10). A 
calibration procedure has been established to relate the maximum strain-to-collar-deflection 
during both the elastic and plastic portion of the strain cycle. The specimen design and 
calibration procedure were verified both experimentally and analytically. Two load-control 
specimens were used in this program. The CC material load-control specimens were furnished by 
NASA in the cast-to-size configuration shown previously in figure ni-2. The DS material load- 
control specimen is also shown previously in figure IfI-2 and detailed in figure III-10. 
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Figure V-.S. Effect nf Temperature and Strain- Range on Hydrogen Degradation 
of Directionally Solidified <DS) MAR M-246 (Hf Modified) Strain- 
Con fro/ Loir -('y cl e Fatigue Life 

Table V-2. Strain-C'ontrol Loir -Cycle Fatigue I Tapir ties of 
Directionally Solidified (l)S) MAH M-'2tb <Hf Mod- 
ified) in TL . 5 MM /nr (boon psig ) Helium and 
Hydrogen 
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Figure V-6. Load-Control Lou -Cycle Fatigue Life of Conventionally Cast (CC) MAR 
M-246 (Hf Modified) in 34.5 MS /m* (5000 psig) Helium and Hydrogen at 
1033°K (1400°F) 
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Figure V-7. Load-Control Low-Cycle Fatigue Life of Conventionally Cast (CC) MAR 
M-246 (Hf Modified) in 34.5 MSim 2 (5000 psig) Helium and Hydrogen at 
1 1 44 c K ( 16(X) c Ft 
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Figure V-H. Effect of Temperature and Maximum Stress on Hydrogen Degrada- 
tion of Conventionally Cast MAR M-246 (Hf Modified) Load- 
Control Low -Cycle Fatigue Life 


Table V-3. Load-Control LCF 1 froperties of MAR M-246 (Hf Modified) in 34.5 MX/m 2 
(5000 psig) Helium and Hydrogen 


Test Condition* Test Results 

Apprvxim ate 

Test Maximum Total 

Specimen Temperature Stress Strain Range (’\cles to 


Material Form 

N/.V 

°K 

C F 

Environment 

MX/nr 

hsi 

f . 

Failure 

('onventionallv (’ast 

U'C-2 

1033 

14(H) 

Hydrogen 

/ .>8.4 

110 

0.5(1 

4.631 


LCC-3 

1093 

1400 

Hvdrogen 

827.4 

120 

0,54 

*4.230 


L CCA 

1093 

1400 

Hydrogen 

896.3 

130 

0,59 

1,341 


LOC-5 

1033 

1400 

Hydrogen 

689.5 

1(H) 

0.45 

10.661 


lcc-ii 

1033 

1400 

Helium 

896.3 

130 

0.59 

6.904 


L CC-V2 

1033 

14(H) 

Helium 

689.5 

KM) 

0.45 

8.698 


Lcr-6 

1144 

16(H) 

Hydrogen 

689.5 

100 

0.48 

1 .935 


LCC- 7 

1144 

16(H) 

Hydrogen 

620.5 

90 

0.43 

10.450 


L(’C-8 

1144 

1600 

Hydrogen 

758.4 

110 

0,33 

863 


LCC- 10 

1144 

16(H) 

Hydrogen 

655.0 

95 

0.43 

4.283 


ICC A A 

1144 

1600 

Helium 

620,5 

90 

0.43 

15.398 


i.rr-14 

1144 

1600 

Helium 

758.4 

110 

0,33 

1 .989 

Directionally 

LLDS-3 

1033 

14(H) 

Helium 

896,3 

130 

0.87 

40,375 

Solidified 

LLDS-1 

1033 

14(H) 

Hydr« >gen 

896.3 

130 

u.87 

143)22 


u.ns-i 

1144 

16(H) 

Helium 

758,4 

110 

tl. S3 

32.95s 


l.LDS-2 

1144 

16(H) 

Hydrogen 

758.4 

1 in 

0 S3 

12.995 


H ratio i min stress max stress) of 0.1. cyclic frequency 9 cpm 
• Premature specimen fracture clue to power failure. 
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Figure V-W. Open Extensometer Head Assembly and Strain-Control Low- 
Cycle Fatigue Specimen 

All tests were conducted on a P&V\ A/Florida designed and fabricated, closed -loop t\pe. 
hydraulically actuated test machine capable of operation in both the strain-and load-control 
mode. The test machine is located in an isolated test cell with all controls and instrumentation 
located in an adjacent blockhouse (figure \ A pressure vessel similar to the one used h»r 
tensile testing (Section IY-Cl was mounted on the upper platen of the test machine. 1 he vessel 
also incorporated a (irayLoc-tvpe high-pressure flange connector: however, unlike the tensile 
vessel where a compensating piston device was used to counteract load in the specimen due to 
pressure acting over differential specimen adapter areas, this list system compensated lor that 
load through the servosvstem. A pressure transducer provided a feedback signal, proportional to 
chamber pressure, to the servocont roller. This signal was used in controlling a mean load applied 
to the linkage so zero strain in the specimen gage was maintained when the vessel assembly was 
pressurized. This same load was then superimposed on the cyclic* load during testing. 

Both internal (to the pressure vessel) and external load cells were used to obtain cyclic load; 
thus, the* effect of friction at the load rod seals was known and accounted tor. hlectrical 
connections to the load cell, extensometer system (for strain control tests), furnace (for elevated 
temperature tests), and thermocouples were made through the vessel wall via high-pressure 
bulkhead connectors. Setups of the pressure vessel showing the extensometer system for the 
strain-control tests and furnace arrangement are shown in figure V 12. 

for elevated temperature testing, a two-zone resistance furnace with separate control 
systems for each zone was used. The furnace surrounds the specimen and fits wit hin the frame of 
the pressure vessel (figure Y-12c). Thermocouples looped around the specimen gage section were 
used to monitor and control temperature during test. 
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FAE 146129 FAE 146121 

(a) Test Vessel Closed (*» Tesl Vessel °P« n Showing 

Extensometer System Used in 
the Strain Control Tests 



FAE 146122 

(c) Test Vessel Open Showing 
Furnace in Place 


Figure V-J2. Setups of Low-Cycle Fatigue Test Vessel 
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For the strain -control tests, strain, as sensed by the extensometer. was recorded on the "X 
axis of an “X-V recorder, and load (sensed by the internal load cell* was recorded on the X 
axis, thus providing hvsteresis loops, as desired, during the cyclic life ot all tests. A typical series 
ot IX'F hvsteresis loops is shown in figure Y-1T In the load-control tests, load (stress) was 
recorded on the“Y" axis and time on the X ' axis of the X Y plotter. This enabled monitoring 
of the load cvcle at various intervals throughout the duration of all tests. Atypical series ot load- 
control LCF cycles is shown in figure V-14. During setup of each load-control test, the load cycle 
was monitored as the load (stress) limits were being set. They can b e seen at the start ot the load 
cycle record illustrated in figure Y-14. 



KO 


Figure V- Vi. A Typical Scries of Hvsteresis Loops Generated During 
an Actual Strain-Control Low-Cycle Fatigue Test 

The test and gas handling procedures used for the LCF tests were similar to those used tor 
the tensile tests performed under this contract (Section I\ -( L 
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SECTION VI 
CREEP-RUPTURE 


A. INTRODUCTION 

Under Exhibit C of this contract, creep-rupture properties of the nickel-base alloy MAR 
M-246 ( Hf Modified), in two cast conditions, directionally solidified (DS) and conventionally cast 
(UO, were determined in 34.5 MN/m s (5000 psig) helium and hydrogen at 1033°K ( 1400°F) and 
1 H4°K (1600°F). Testing established creep rate, rupture life, elongation, and reduction of area. 
Results of tests in hydrogen were compared to those in helium to determine property degradation. 

B. RESULTS AND CONCLUSIONS 

Degradation was determined at given stress levels from the percentage reduction in life for 
hydrogen, compared to the helium environment. Using this method, some extrapolation of the 
stress vs time curves was necessary to obtain equivalent stress levels. In previous work 1 , 
degradation was based upon stress for a given life. MAR M-246 (Hf Modified) exhibited such a 
range of lives in the different environments that a comparison of this nature would require 
extensive extrapolation. With the limited amount of data, extrapolations of this type would be 
unrealistic. Because of the limited data, the degradation values should be considered as 
indicators of a trend, not absolute. 

The MAR M-246 (Hf Modified) material, in the DS and CC forms, exhibited degradation 
in creep-rupture life at both 1033°K (1400°F) and 1144°K (1600°F). Degradation in stress- 
rupture life up to 80' r occurred due to the hydrogen environments. Degradations for the specific 
test conditions are listed in table VI-1. 

Table V!-1. Degradation of Stress-Rupture Life of MAR 
M-246 (Hf Modified) in 34.5 MN/m 2 (5000 psig) 

Hydrogen Environment 


Degradation 

Test (Decrease from Helium, ( \) 

Temperature Stress Level in Rupture Life at 
Material Form °K °F~ MN/m 2 ksi Indicated Stress Level 


Directionally 

1033 

1400 

792.9 

115.0 

50 

Solidified 

1033 

1400 

758.4 

110.0 

48 


1033 

1400 

723.9 

105.0 1 

32 


1144 

1600 

586.1 

85.0 

66 


1144 

1600 

517.1 

75.0 

ND 2 


1144 

1600 

482.6 

70.0 

ND 3 

Conventionally 

1033 

1400 

689.5 

100.0 

80 

Cast 

1033 

1400 

620.5 

90.0 

ND 3 


1144 

1600 

482.6 

70.0 

78 


1144 

1600 

413.7 

60.0 

60 

1 Life in helium extrapolated from curve 



2 Life in helium and hydrogen approximately equal 


3 Life in hydrogen greater than helium. 




' "Properties of Materials in High Pressure Hydrogen at Cryogenic. Room and Elevated Temperatures.” PWA FR-S768. 
Pinal Report. Contract NAS8-26191, 31 July 1973. 
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Stress vs time curves for the DS material at 1033°K (1400°F) and 1144°K (1600°F) in 
helium and hydrogen environments are shown in figure VI-1 . They indicate reductions in rupture 
life from 32 to 50 r < over the stress range investigated at 1033°K ( 1400°F) and approximately 66'V 
at "36.1 MN/m 2 (85 ksi) for the 1144°K (1600°F) tests. At 1144°K Ub00 o F), testing at the lower 
stress level indicated lower rupture life in helium environment t \ m in hydrogen. Met allographs 
examination of specimen CDS-12 revealed microstructure not co.-sistant with the others (Section 
IV. B.2). A repeat test in helium at the same stress level was conducted and similar low rupture 
life resulted. Examination of this specimen (CDS-13) indicated microstructure consistant with 
the majority of the specimens. At the present time, no explanation can be given for the lower than 
anticipated helium environment rupture life. 

The effect of temperature and stress level on hydrogen degradation of the DS material 
stress-rupture life is shown in figure VI-2. Creep-to-rupture data are plotted for the DS material 
tests in figures VI-3 through VI-6. 


827.4 

020 ) 


758,4 

(110) 



A Helium. 1033^ (1409’F) 
D Hydro?*, 1033** < J4W»F) 

AHefeim, 1 1440& (1600&F) 

■ Hydro*™. U44°KO600°n 



I )K 10l»4uI 

Figure VI- 1. Stress- Rupture of Directionallv Solidified (DS) MAR M-246 ( Hf Modified ) in 34.5 
MN/m 2 (5000 psig) Helium and Hydrogen at 1033°K (1400°F) and 1 144° K ( 1600° F) 


VI-2 
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(120) (110) (100) (90) (80) (70) 

Stress - MN/n»2 (ksi) 

l)F 1(124412 

Figure VI-2. Effect of Temperature on Hydrogen Degradation of Directionally Solidified (DS) 
MAR M-246 (Hf Modified) Stress-Rupture Life 



Time - hr 


Figure VI-3. Creep Stress-Rupture of Directionally Solidified (I)S) MAR M-246 ( Ilf Modified) in 
l(m°K (I400°F) 34.5 MS/m 2 (5000 psig) Gaseous Environment at 758.4 MS/m 2 
( 1 10 ksi) Stress 


VI-3 
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Figure VI-4. Creep Stress-Rupture of Directionally Solidified (DS) MAR M-246 (Hf Modified) in 
1033°K (I400°F) 34.5 MN/m 2 (5000 psig) Gaseous Environment at 792.9 MN/m 2 
(115 ksi) Stress 


A Helium 
□ Hydrogen 



Iif- 1 < rj.it>:- 

Figure VI-5. Creep Stress- Rupture of Directionally Solidified (DS) MAR M-246 ( Hf Modified ) in 1 144 K 
(1600°F) 34.5 MN/m 2 (5000 psig) Gaseous Environment 
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482.6 MN/m2 (70 ksi) Stress 



Lf 

' I 


1 

I 

I 

1 

I 

l 

I 


1>F 

Figure VI-6. Creep Stress- Rupture of Directionally Solidified (DS) MAR M-246 (Hf Modified) at 
1144°K (1600°F) in 34.5 MN/nv' (5000 psig) Gaseous Environment 

Stress vs time curves for the CC material at both 1033°K (1400°F) and 1144°K (1600*0F) 
are illustrated in figure VI-7. They indicate degradation in rupture life up to approximately 80‘ i 
for hoth test temperatures. As stated previously, these degradation figures must be viewed as 
trends. The somewhat erratic behavior of the helijm tests at 1033°K (1400°F). and the slope of 
the helium stress-rupture curves at 1144°K (1600°F) (figures VI-1 and VI-7) make comparisons 
difficult . The distinct change of slopes between the helium and hydrogen stress-rupture curves at 
1 144°K (1600°F) reinforces the observation from earlier programs that there may be some 
mechanism unique to helium atmospheres at elevated temperatures. Studies of materials 
exposed to nuclear radiation in helium at elevated temperatures have observed an effect on 
materials peculiar to helium environments. An extensive study comparing properties in vacuum 
and helium at temperatures above 1144°K ( 1600°F) would be required to establish and document 
this phenomena. 

Creep-to-rupture data plots for the CC material tests are illustrated in figures VI-8 through 
VI-10. 

Individual creep-rupture test data for each DS and CC specimen tested are listed in 
table VI-2. 


C. TEST PROCEDURE 

Creep-rupture tests were conducted per ASTM F. 139- 10 . “Conducting Creep. ( reep- 
Rupture. and Stress-Rupture Tests of Metallic Materials." were applicable, using round 
externally pressurized specimens. The test specimens used for the CC and DS materials are 
described in Section III and detailed in figures. III-i and III-8, respectively. 

VI-5 
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Helium. 1 OV'°K < I400°R 
! ] Ify.'rogrn. * MW'Fi 

▲ Helr. rr. 1 ! 44"K ( !6GU°H 
■ Hydiogrn. ! ; 44°K ( 1 600^1 




Figure VI-7. Stress- Rupture of Conventionally Cast (CC) MAR M-246 (Hf Mod- 
ified) in 34.5 MN/m 2 (5000 psig) Helium and Hydrogen at 1033°K 
( 1 400 °F) and U44°K (I600°F) 


689.5 MN/m- <100 ksil Stress 



Figure VI-3. Creep Stress-Rupture of Conventionally Cast (CC ) MAR M-246 
(Hf Modified) in 34.5 W.V/m- (5000 psig) Helium at 1033°K 
( 1 400° F) 
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10 20 30 

Time hr 


UF 102409 

Figure VI-9. Creep Stress-Rupture of Conventionally Cast (CC) MAR M-246 
(Hf Modified) in 1144°K (I6Q0°F) 34.5 MS/m' 2 (70 ksi) Stress 



Figure VI-10. Creep Stress- Rupture of Conventionally Cast (CC) MAR M-246 
i Hf Modified i in H44 C K (]600°F) 34.5 MS/m- (5000 psip) 
Caseous Environment at 413.7 MS/m-’ (60 ksi) Stress 
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Table VI-2. 


Creep-Rupture Properties of MAR M-246 (Hf Modified) in 34.5 MN!m 2 (5000 psig) 
Gaseous Environments 


Material Form 

Specimen 

S/S 



Test Conditions 



Test Result* 



Test 

Temperature 

Environment 

Stress Level 

Time to 
Creep <hr) 

T 

R 

imv to 
upturc 

hr 

EL 

RA 

°K 

°F 

MS/m 2 

ksi 

0 5 

1 0 

2.0 

Directionally 

CDS-1 

1033 

1400 

Hydrogen 

620.5 

90.0 

1 



*260.2 

0 

0 

Solidified 

CDS- 2 

1033 

1400 

Hydrogen 

758.4 

110.0 

0.3 

0,6 

1.9 

42.4 

, .8 

1 1 .8 


CDS-3 

1033 

1400 

Hydrogen 

792.9 

115.0 

0.2 

0,4 

1.0 

20.1 

4.8 

6. a 


CDS 4 

1033 

1400 

Hydrogen 

723.9 

105.0 

0.6 

1.2 

15.9 

170.0 

8.4 

12.2 


CDS -5 

1033 

1400 

Helium 

792,5 

115.0 

0.2 

0.3 

0.9 

40.1 

6. . 

1 1 .8 


CDS-6 

1033 

1400 

Helium 

758.4 

110.0 

0,5 

1.0 

3.6 

81.6 

9.0 

10.9 


CDS'7 

1144 

1600 

Hydrogen 

723.9 

105.0 

<0.1 

0.1 

0 2 

0.6 

3 7.1 

13,5 


CDS-8 

1144 

1600 

Hydrogen 

655.0 

95.0 

0.2 

0.4 

0.7 

1.2 

*6.6 

13,5 


CDS-9 

1144 

1600 

Hydrogen 

586.1 

85.0 

0.6 

1.1 

2.0 

3.9 

8.9 

12,5 


CDS-10 

1144 

1600 

Hydrogen 

517.1 

75.0 

2.2 

4.9 

9.8 

18.6 

8.0 

15.3 


CDS11 

1144 

1600 

Helium 

586.1 

85.0 

0.8 

2.2 

4.9 

11,5 

9.1 

13.2 


CDS- 12 

1144 

1600 

Helium 

482.6 

70.0 

3.7 

7.6 

14.4 

*31.7 

17.6 

39.2 


CDS-13 

1144 

1600 

Helium 

482.6 

70.0 

2.8 

6.4 

11.7 

21 1 

11.5 

31.0 

Conventionally 

CCC-1 

1033 

1400 

Hydrogen 

689.5 

100.0 

1.6 

2.6 


2 6 

•1.2 

4.8 

Cast 

CCC-2 

1033 

1400 

Hydrogen 

620.5 

90.0 




26.0 

0.4 

1.2 


CCC-3 

1033 

1400 

Hydrogen 

620.5 

90.0 




52.1 

0.4 

1,5 


CCC-4 

1033 

1400 

Hydrogen 

603.3 

87.5 

23.4 



24.1 

0.8 

1.5 


CCC-5 

1033 

1400 

Helium 

689.5 

100.0 

1.3 

3,5 

9.3 

12.9 

: 2.5 

3.0 


CCC-6 

1033 

1400 

Helium 

620,5 

90.0 

4.4 

11.0 


13.0 

1.2 

3.0 


CCC-1 

1144 

1600 

Hydrogen 

620,5 

90.0 

■ 0.1 

0.1 

0.2 

0.2 

"2.1 

5 . 5 


CCC-8 

1144 

1600 

Hydrogen 

482.6 

70.0 

2.3 

4.4 

6.4 

6.8 

*3.2 

7.0 


CCC-9 

1144 

1600 

Hydrogen 

413.7 

60.0 

5.0 

10.9 

16.3 

18.4 

3.1 

4.9 


CCC-10 

1144 

1600 

Hydrogen 

365.4 

53.0 

17.8 

Ml 


57.0 

3.3 

4.9 


CCC-11 

1144 

1600 

Helium 

482.6 

70.0 

1.0 

2.9 

8.6 

30.4 

4.2 

4.9 


CCC-12 

1144 

1600 

Helium 

413.6 

60.0 

6.0 

14.4 

30.0 

46,5 

4.0 

9.2. 

1 Negligible creep 












2 Test discontinued; did not fail 











3 0.03175 mm 

(0.00125 inch) < 

r 0.1 25‘ 

elongation on loading 









*0.01524 mm 

(0.00060 inch) or 03)60' 

elonga 

ion on loading 









5 Metallographio examination 

revealed microstructure not consistent 

with other specimens. Material appeared 

in he 

solution hear 

treated at a lower temperature 

than the other 

specimen 

s or not 

snlutif 

n hea 

treated at ah. 

< >ee 8* 

ei t ion 

IY.B.2. ) 













* 0.00510 mm 

(0.0002 inch) or 

0.02' t elongation on loading 









7 0.01524 mm 

(0.0000 inch) or 

0.06 r ; elongation on loading 









1 0.01524 mm 

(0.0006 inch) or 0.06' <' elongation on loading 









*0.00254 mm 

(0.0001 inch) or 

0.01 '7 elongation on loading 









10 Extensometer readout system malfunction, time to 1.0 and 

2.0' r creep not obtained. 







All tests were conducted on a modified 53.4-kN (12,000-lb) capacity Arcweld Model -JE 
creep-rupture machine. The test machine was explosion-proofed and located in a test cell open to 
the atmosphere (figure VI-11). Controls and data recording equipment were located in an 
adjacent blockhouse. A high-pressure test vessel (figures VI-11 and VI-12), similar in design and 
operation to the vessels used for the tensile and LCF tests, was suspended in the test machine and 
counter balanced to maintain the load lever arm in a level position. 

The design of the test specimens included integral collars or pin holes for positive location 
and gripping of creep-measuring extensometer heads. Load rods and adapters incorporated pin 
joints, which, in effect, formed universal joints at the ends of the specimen to eliminate alignment 
errors and resulting bending stresses upon the specimen. 
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The extensometer system was a dual LVDT averaging-type and was located inside the high 
pressure vessel. The extensometer output was recorded in the adjacent blockhouse as elongation 
vs time records for all creep-rupture tests. The extensometer systems are shown in figures 
VI-12b&c and VI-13. A typical chart record is shown in figure VI-14. This record is for specimen 
l’DS-13, tested in 34.5 MN/m 2 (5000 psig) helium at 1144°K (1600°F). 

Elevated temperatures were obtained using a two-zone resistance-type furnace with 
individual zone temperature control and monitoring. The independent zone control provided 
even temperature over the specimen gage length. Temperature was monitored and controlled by- 
three thermocouples looped around the specimen gage section. The furnace system was contained 
within the pressure vessel (figure VI-12d). In figure VI-12d, the thermocouples and furnace leads 
can be seen extending in to the base of the furnace. 

The test and gas handling procedures used for the low-cycle fatigue and tensile tests were 
also used for the creep-rupture tests. 
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